In living cells, growth is the result of coupling between substrate catabolism and multiple metabolic processes that take place during net biomass formation and cellular maintenance processes. A crucial parameter for growth evaluation is its yield, i.e. the efficiency of the transformation processes. The yeast Candida utilis is of peculiar interest since its mitochondria exhibit a complex I that is proposed to pump protons but also an external NADH dehydrogenase that do not pump protons. Here, we show that in C. utilis cells grown on non-fermentable media, growth yield is 30% higher as compared to that of Saccharomyces cerevisiae that do not exhibit a complex I. Moreover, ADP/O determination in C. utilis shows that electrons coming from internal NADH dehydrogenase go through proton pumping complex I, whereas electrons coming from external NADH dehydrogenases do not go through proton pumping complex I. Furthermore, we show that electron competition strictly depends on extra-mitochondrial NADH concentration, i.e. the higher the extra-mitochondrial NADH concentration, the higher the competition process with a right way for electrons coming from external NADH dehydrogenases. Such a complex regulation in C. utilis allows an increase in growth yield when cytosolic NADH is not plentiful but still favors the cytosolic NADH re-oxidation at high NADH, favoring biomass generation metabolic pathways.
Introduction
In living cells, growth is the result of coupling between substrate catabolism and multiple metabolic processes which can be assumed to take place during net biomass formation and cellular homeostasis (i.e. maintenance of ionic gradients, protein, lipids and nucleic acid turnover) [1, 2] . During the last two decades, the complete thermodynamic description of growth processes has been obtained by establishing the balanced chemical reactions for anabolism and catabolism. Thus, by applying non-equilibrium thermodynamics, two parameters have been defined to assess for growth efficiency: thermodynamic Gibbs energy efficiency and thermodynamic enthalpy efficiency [3] [4] [5] [6] . The estimation of the former parameter for microbial growth is still difficult due to the lack of knowledge about the Gibbs energy change of substrates, products and biomass [1, 7] . In contrast, the quantification of enthalpy efficiency has been successfully achieved for microorganisms [8] [9] [10] [11] as well as for cultured mammalian cells [12, 13] . The latter approach is based on the continuous measurement of heat production and on the exhaustive determination of substrates and by-products, thus allowing the construction of enthalpy balances [2, 14 for review]. We have developed a respirometric and calorimetric approach to determine the enthalpy efficiency of respiration linked energy transformations of isolated yeast mitochondria and yeast (Saccharomyces cerevisiae) cells under resting and growing conditions. Using this approach, we have shown that the enthalpic growth yield remains constant during any growth phase in yeast on respiratory substrate [15] . This constant enthalpic growth yield is owed to a tight adjustment of mitochondrial enzyme content to cellular energy demand [16] . Moreover, to study a large number of yeast strains, we have described a new and simple method to assess the enthalpic growth yield through the amount of oxygen consumed to generate dry biomass on nonfermentable substrate [17] . This allowed us to show that the growth yield of various S. cerevisiae strains is identical regardless of the growth phase as a consequence of a strict adjustment of the cellular content of the amount of respiratory chains to the growth rate [17] . This indicates that in yeast in which proton pumping complex I of respiratory chain is absent, there is a strict growth yield homeostasis (i.e. the consumption of 1 micro-atom O leads to the formation of 0.018 mg dry weight cells).
In this study, we confirm that, in contrast to S. cerevisiae mitochondria, Candida utilis mitochondria [18] exhibit a proton pumping complex I which could be involved in the energy conversion process during oxidative phosphorylation and thus may increase the growth yield. However these mitochondria also exhibit an external NADH dehydrogenase that is, like in S. cerevisiae mitochondria, not a proton pumping enzyme [19] . Consequently, in C. utilis NADH can be reoxidized, at the mitochondrial level, either by the external NADH dehydrogenase or by the proton pumping complex I. We assessed the role of the proton pumping complex I in C. utilis energy conversion processes by measuring the growth yield of C. utilis during exponential phase on non-fermentable substrates. We showed that proton pumping complex I is involved in an increase in growth yield but also that C. utilis peculiar energetic behavior is due to the particular properties of oxidative phosphorylation and to the kind of electron competition for entrance in the respiratory chain.
Materials and methods

Yeast aerobic cultures
The yeast strains C. utilis CBS621 and S. cerevisiae (yeast foam) were used in this study. C. utilis cells were grown aerobically at 28°C in the following medium : yeast extract 1% (w/v), bactopeptone 1% (w/v), KH 2 PO 4 0.1% (w/v), (NH 4 ) 2 SO 4 0.12% (w/v) and either with glycerol 2% (w/v) and ethanol 2% (w/v) or with lactate 2% as carbon source, pH 5.5. Yeast foam cells were grown on the same medium with lactate as carbon source.
Mitochondria preparation
Yeast cells were harvested in the exponential growth phase and spheroplasts were obtained by enzymatic digestion of the cell wall with zymolyase 10 mg/g dry weight (ICN biomedicals) as previously described [20] . Mitochondria were prepared after plasma membrane rupture of spheroplasts in hypoosmotic medium [20] , in which 10 mM Tris-phosphate was added. The final pellet was suspended in the mitochondrial buffer : 0.65 M mannitol, 0.36 mM EGTA, 10 mM Tris-maleate, 10 mM Tris-phosphate, pH 6.8.
Protein concentration was measured by the biuret method using bovine serum albumin as standard.
Respiration assay
The oxygen consumption was measured polarographically at 28°C using a Clark oxygen electrode in a 1-or 2-mL thermostatically controlled chamber. Respiratory rates (JO 2 ) were determined from the slope of a plot of O 2 concentration versus time. For whole cells oxygen consumption rate, growing cell suspension (1 mL) was quickly transferred to the respirometer curve and the "spontaneous cell respiration" was determined. For isolated mitochondria respiration measurements, mitochondria (0.33 mg/mL) were incubated in 2 mL mitochondrial buffer (described above). Respiratory rates (JO 2 ) were then determined from the slope of a plot of O 2 concentration versus time, and expressed as nat O/min/mg dry weight (cells) or nat O/min/mg mitochondrial protein (mitochondria).
Electrical membrane potential difference measurement
The electrical membrane potential difference (ΔΨ) was estimated from the ΔΨ-dependent red shift and fluorescence quenching of the lipophilic cationic dye rhodamine 123 as previously described [21, 22] . Isolated mitochondria from C. utilis and S. cerevisiae (0.33 mg/mL) were incubated at 28°C in the mitochondrial buffer described above, in the presence of 0.5 μg/mL of rhodamine 123 (Sigma). The excitation wavelength was 485 nm and the fluorescence emission was continuously collected at 525 nm with a Hitachi F-7000 fluorescence spectrophotometer. When added, pyruvate and malate were 5 mM, NADH 2 mM, ADP 2 mM, KCN 0.5 mM, antimycin A (AA) 0.38 μg/mg protein, decylubiquinone (DQ) 125 μM, Piericidin A (Pier A) 4 nmol/mg Protein and carbonyl cyanide m-chlorophenylhydrazone (CCCP) 5 μM.
Measurement of NADH consumption flux
NADH concentrations used on isolated mitochondria are too high to get a reliable signal on a spectrophotometer at 340 nm. Consequently, NAD + was extracted from mitochondria suspension at successive time points (15, 30, 45 and 60 s) in order to determine NADH consumption flux. NAD + was measured fluorimetrically in neutralized 7% HCLO 4 / 25 mM EDTA extracts as described previously [23] .
Cellular NAD(P)H fluorescence measurement
Saccharomyces cerevisiae or C. utilis cells (2 mg dry mass) were suspended in cellular respiratory buffer (2 mM MgSO 4 , 1.7 mM NaCl, 2 mM potassium phosphate, 50 mM MES pH 6.0) to a final volume of 2 mL. NADH + NADPH fluorescence was monitored at 28°C in a Hitachi F-7000 fluorescence spectrophotometer as previously described [24] . Excitation wavelength was 340 nm and fluorescence emission was continuously collected at 465 nm. Results were expressed as a percentage of the NAD(P)H fluorescence signal [25] : 0% corresponding to the signal of endogenous substrates in the presence of 10 μM carbonyl cyanide m-chlorophenylhydrazone (CCCP) (reducing equivalent depletion) and 100% corresponding to the signal in the presence of 100 mM ethanol and anaerobiosis (reducing equivalent saturation)
Results
Increase in growth yield in non-fermentable substrate grown C. utilis
We have previously shown that growth yield can be assessed by measuring both respiratory rate and doubling time in yeast cells growing exponentially on non-fermentable substrate [17] . This allowed us to show that there is a strict growth yield homeostasis in various strains of S. cerevisiae. Here we studied C. utilis cells, grown on non-fermentable substrate. Fig. 1 shows that when compared to S. cerevisiae, C. utilis cells have an increased growth rate on lactate medium. Moreover Table 1 shows that in exponential phase the cell respiratory rate tends to be lower in C. utilis cells when compared to S. cerevisiae. Thus, the growth yieldthe amount of dry weight generated by the consumption at the respiratory chain level of 1 μat of oxygenis largely increased in C. utilis cells (over 30%). This raises the question of the origin of this growth yield increase. It has been proposed that, in contrast to S. cerevisiae mitochondria, C. utilis mitochondria [18] exhibit a proton pumping complex I which could be involved in the energy conversion processes during oxidative phosphorylation. Such a complex would increase the proton pumping ratio (number of proton pumped for 2 electrons transfered) in C. utilis versus S. cerevisiae mitochondria and thus could be involved in the observed increase in growth yield (see Table 1 ). However these mitochondria also exhibit an external NADH dehydrogenase that is, like in S. cerevisiae mitochondria, not a proton pumping enzyme [19] . Consequently, in C. utilis mitochondria NADH can be reoxidized either by the external NADH dehydrogenase or by the proton pumping complex I. Since one of these reoxidation sites may be coupledi.e. pumps protons out-, the functional consequence of NADH reoxidation by this complex would be an increase in growth yield such as is shown above. However, it has been proposed that the proton pumping complex I is not expressed in exponentially growing C. utilis [19, 26] . Consequently, we isolated mitochondria from exponentially growing C. utilis and investigated respiration inhibition by a well known complex I inhibitor : Piericidin A [19, 27] . Using ethanol as a respiratory substrate, we show that over 85% of the respiratory rate is inhibited whereas no inhibition was obtained on mitochondria isolated from S. cerevisiae (Fig. 2) . In order to decipher the origin of the residual respiratory rate of isolated mitochondria from C. utilis in the presence of Piericidin A, we investigated the potential existence of a non-proton pumping matrix facing NADH dehydrogenase in C. utilis isolated mitochondria. Measurement of the establishment of a membrane potential by internal NADH (pyruvate/malate) in the presence of Piericidin A clearly shows, that a non-proton pumping NADH dehydrogenase is present in C. utilis isolated mitochondria, that allows the establishment of a membrane potential that is used for ATP synthesis (Fig. 3A ). Fig. 3B shows that Piericidin A has no significant effect on the membrane potential established by the external NADH dehydrogenase. Moreover an identical concentration of Piericidin A has no effect on the enzyme (data not shown). Furthermore, when C. utilis cells were grown in the presence of this inhibitor, the increase in growth yield was lost (Table 1) , pointing to a crucial role of proton pumping complex I in this process.
C. utilis isolated mitochondria
To decipher electron transfer and energy transduction yield from external and internal NADH, we assessed ADP/O ratio on isolated mitochondria. C. utilis isolated mitochondria exhibit an important and coupled oxygen consumption flux with NADH as substrate ( Table 2 ). The ADP/O ratio with this substrate is a little over 1, showing that there is no proton-pumping process at the external NADH dehydrogenase level. When ethanol or pyruvate/malate were used as substrates, the respiratory rate was lower than the one with NADH and the respiratory control was over 3. Moreover, the ADP/O ratio is similar with these two substrates and is over 2, showing that electrons coming from these substrates go through a proton pumping complex I. Furthermore, the ADP/O values obtained here tend to show that in this condition (ethanol and pyruvate/malate) the C. utilis non-proton pumping matricial NADH dehydrogenase is bypassed. With succinate as substrate, the state 4 respiratory rate is comparable to the one with ethanol and pyruvate/ malate and the respiratory control is low with an ADP/O ratio of about 1.5, as expected. It should be stressed out that ADP/O ratio obtained here with NADH and succinate are comparable to what was previously published on S. cerevisiae isolated mitochondria [28] .
To further confirm the existence of proton pumping complex I in C. utilis mitochondria, we assessed the electrical membrane potential difference established by this complex (Fig. 4) . After mitochondrial energization with pyruvate/malate, complex I was functionally isolated thanks to Antimycin A + KCN in the presence of decylubiquinone as an electron acceptor. In C. utilis isolated mitochondria, upon decylubiquinone addition, there is establishment of a consequent membrane potential that is sensitive to Piericidin A addition (Fig. 4A) . In contrast, the same experiment in S. cerevisiae isolated mitochondriathat do not exhibit any proton pumping complex Idid not lead to the establishment of a membrane potential upon decylubiquinone addition (Fig. 4B ). This result clearly shows that C. utilis mitochondria do indeed exhibit a proton pumping complex I.
In a cellular context, mitochondria are in the presence of multiple substrates. Previous work from our laboratory has shown that, in the simultaneous presence of external NADH and another substrate, in mitochondria isolated from the yeast S. cerevisiae, external NADH is reoxidized first whether or not mitochondria are in the simultaneous presence of another substrate. This process was named electron competition [29] [30] [31] and allows, in priority, cytosolic NADH reoxidation that is mandatory for biomass generation. If such a process stands true for C. utilis mitochondria then NADH would be in priority reoxidized by external NADH dehydrogenase that do not exhibit a proton pumping activity. This would thus generate a by-pass of proton pumping complex I when external NADH is present.
Electron competition in C. utilis isolated mitochondria
Mitochondria isolated from C. utilis were incubated in the presence of both NADH (various concentrations) and ethanol under phosphorylating conditions (Fig. 5 ). Indeed, thanks to the matricial alcohol dehydrogenase, EtOH addition to isolated mitochondria will allow the generation of NADH inside the matrix, readily available for proton pumping complex I. This setting allowed us to study electron competition process between external NADH dehydrogenase and proton pumping complex I. Whichever the experimental condition used in this experiment, the global respiratory rate remained constant. When high concentrations of external NADH were used (2 mM), Fig. 5A shows that the respiratory flux is shared between NADH (80%) and ethanol (20%). A decrease in the external NADH concentration induces an increase in ethanol consumption by the proton pumping complex I at the expense of external NADH oxidation (Fig. 5A ). In these experiments, NADH external concentration was not decreased below 0.5 mM in order to avoid any kinetic limitation of the enzyme activity due to its Km (0.096 ± 0.016 mM) for NADH. Under these conditions the decrease in NADH consumption rate is solely due to a competition of electrons for the entrance in the respiratory chain.
To further illustrate the above result, the respiratory rate for each substrate when both NADH (various concentrations) and ethanol are present is expressed as a percentage of the maximal respiratory rate for this substrate alone (Fig. 5B ). Fig. 5B shows that the electron competition process in C. utilis isolated mitochondria is clearly in favor of ethanoland thus proton pumping complex Ias soon as NADH external concentration is about or below 1 mM. Comparable results were obtained when using pyruvate/malate as substrates instead of ethanol ( Fig. 6A and B) .
In order to determine the consequences of the electron competition process described above on oxidative phosphorylation, we determined the ADP/O ratio on C. utilis isolated mitochondria in the presence of single or multiple substrates. As described before, ADP/O ratio is above 1 for the external NADH dehydrogenase and above 2 for proton pumping complex I (see Table 2 ). When multiple substrates were used in the conditions of Figs. 5 and 6, i.e. an increase in the participation of proton pumping complex I to the overall respiratory flux with lower NADH concentration, we show an increase in ADP/O ratio (Figs. 5C and 6C) . Moreover, it should be stressed that if one calculates the ADP/O value that is expected from the flux repartition measured previously ( Figs. 5A and 6A) , the values obtained very much corroborate what was obtained experimentally (Figs. 5C and 6C ).
NAD(P)H redox state in whole cells
It has been previously shown that it is possible to assess NAD(P)H redox state in whole cells by following NAD(P)H autofluorescence [24] . This redox state is determined by assessing the lowest redox state (0% is determined in the presence of CCCP and endogenous substrates) and the highest redox state (100% is determined in anaerobiosis in the presence of ethanol). The cellular redox state is then compared to the 0% and 100%. In S. cerevisiae cells, addition of ethanol induces a very high redox state for NAD(P)H (over 90% -Fig. 7A ). In contrast, in C. utilis cells, ethanol addition does not induce a very high redox state but rather a mild one (about 63% - Fig. 7B ). 
Discussion
Previous work from our laboratory has shown that there is an electron competition process at the entry of the S. cerevisiae respiratory chain when mitochondria are in the presence of multiple substrates [29] [30] [31] . Indeed, depending on the substrates combination and thus the dehydrogenases involved, electrons coming from favored substrates have the right of way for the entrance in the respiratory chain. One such example is NADH as a substrate for the external NADH dehydrogenase, which is favored over the other substrates [29] [30] [31] . This process allows reoxidation of cytosolic NADH and thus favors biomass production during cell growth.
Moreover, we have shown that in multiple strains of S. cerevisiae growing on non-fermentable substrate, the growth yield is constant whereas the respiratory and growth rate can vary greatly [17] . In S. cerevisiae, the nature of electron competition processes has no effect on the oxidative phosphorylation yield since all dehydrogenases (except lactate dehydrogenase) give their electrons to the quinone pool and thus the number of coupling sites is constant. In contrast, in yeast that exhibit a proton pumping complex I, the number of coupling sites depends on the respiratory substrate that is used by the respiratory chain. Consequently, the electron competition process in such yeasts might have consequences on the yield of oxidative phosphorylation and thus on growth yield on non-fermentable substrate. Fig. 4 . Candida utilis complex I is able to maintain the electrical membrane potential (ΔΨ). The electrical membrane potential was estimated from the ΔΨ-dependent red shift and fluorescence quenching of the lipophilic cationic dye rhodamine 123. Isolated mitochondria from C. utilis (A) and Saccharomyces cerevisiae (B) (0.33 mg/mL) were incubated at 28°C in the mitochondrial buffer described in the Materials and methods section, in the presence of 0.5 μg/mL of rhodamine 123. When added, pyruvate and malate were 5 mM, KCN 0.5 mM, antimycin A 0.38 μg/mg protein, decylubiquinone 125 μM, Piericidin A 4 nmol/mg protein and CCCP 5 μM. In this paper, we investigated growth and oxidative phosphorylation yields in C. utilis, a yeast specie that exhibits a proton pumping complex I. When compared to S. cerevisiae (that does not exhibit a proton pumping complex I), C. utilis exhibits an increased growth yield of about 30%, on non-fermentable substrate. This substantial increase in growth yield is lost when C. utilis is grown in the presence of a proton pumping complex I inhibitor (Piericidin A). One of the question raised by our study is the possibility to maintain cellular redox state and ATP synthesis and in C. utilis in the presence of an inhibitor of respiratory chain complex I. In yeast, lactate is oxidized by two (Dand L-) lactatedehydrogenases located on the outer face of the mitochondrial inner membrane. These enzymes directly give the electrons to cytochrome c and thus to cytochrome oxidase. These reactions are coupled to H + extrusion and do not require NAD + as co-factor. For that process leading to ATP synthesis, complex I is not essential. The question now is the fate of pyruvate formed. Part of the pyruvate formed might exit the cell through a carrier; another part is of course involved in neoglucogenesis to feed biosynthetic pathways. Moreover, pyruvate could generate both oxaloacetate (in cytosol) and acetate (into mitochondria); these compounds supply the glyoxylate cycle leading to the production of succinate and malate which are transported in cytosol. Malate could produce NADH in the cytosol and this coenzyme may be oxidized by mitochondrial external NADH dehydrogenase insensitive to Piericidin A. Succinate, inside the mitochondrial matrix, could be used in either reducing or oxidative pathways in the Krebs cycle in such a way that the net NADH production flux in the matrix is null. Last but not least, we have shown that C. utilis isolated mitochondria exhibit an internal non-proton pumping NADH dehydrogenase that allows matricial NADH reoxidation in the presence of Piericidin A.
Moreover, when electron competition was investigated, it appears that it is quite different from what is seen on S. cerevisiae (i.e. a priority for the external NADH dehydrogenase). In C. utilis, at low level of external NADH, an important part of the respiratory flux is due to electron flux through the proton pumping complex I. This has great consequences on the oxidative phosphorylation yield which is increased in such conditions, due to the fact that proton pumping complex I is a coupling site. Moreover, we show that this process is physiologically relevant since in C. utilis the cellular NAD(P)H redox state is quite low when compared to S. cerevisiae (see above). Indeed, in the literature, the cytosolic NADH concentration is in between 0.1 and 0.5 mM, which makes our study physiologically relevant [27, 32, 33] . Furthermore the assessed increase in oxidative phosphorylation yield is in accordance with the increase in growth yield (about 30%).
Our work shows that depending on the cytosolic redox state, oxidative phosphorylation yield can be modulated i.e. when NADH concentration is very high in the cytosol, its reoxidation is the priority. In contrast, when cytosolic redox state is low, the reoxidation of matricial NADH allows an increase in oxidative phosphorylation and growth yield. The electron competition in C. utilis thus allows a balance between growth rate (that requires efficient cytosolic NADH reoxydation) and growth yield (that requires proton pumping complex I). This allows an adaptive response to distinct physiological situations. Indeed, when glucose is used as a carbon source, it has been shown that the growth yield in S. cerevisiae and C. utilis is the same [34] .
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